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Abstract: Trichinella spiralis has been reported to induce angiogenesis for nutrient supply 
and waste disposal by the induction of the angiogenic molecule vascular endothelial cell 
growth factor (VEGF) during nurse cell formation. However, the action mechanism to 
induce VEGF in nurse cells by T. spiralis is not known. Hypoxia in nurse cells was 
suggested as a possible mechanism; however, the presence of hypoxic conditions in 
infected muscle or nurse cells and whether hypoxia indeed induces the expression of 
VEGF and subsequent angiogenesis in the infected muscle are both a matter of debate. Our 
recent studies have shown that thymosin [34, a potent VEGF inducing protein, is expressed 
in the very early stages of T. spiralis muscle infection suggesting the induction of VEGF in 
early stage nurse cells. Nevertheless, we now show that hypoxic conditions were not 
detected in any nurse cell stage but were detected only in the accumulated inflammatory 
cells. These studies propose that induction of angiogenesis by VEGF in T. spiralis-infected 
nurse cells was mediated by thymosin [34 and is unrelated to hypoxic conditions. 
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1. Introduction 

Parasites are living organisms that grow and reproduce by stealing host resources that progress into 
the detriment of the host organism. Although parasites harm their hosts, it is in the best interest of the 
parasite not to kill the host because the parasite relies on the host body functions, such as digestion or 
blood circulation, to survive. Thus, parasites have evolved in the direction of maximizing efficiency 
but not affecting their host systems. Parasites, especially helminthic parasites cause countless 
morbidity, but the mortality for the parasitic diseases is very low [1]. Trichinella spiralis is a relatively 
small nematode that causes infections in host skeletal muscle and modifies and utilizes the host system 
very efficiently. The life cycle of T. spiralis begins with the enteral phase of infection when a person 
or an animal eats contaminated meat containing first stage muscle larvae. Digestive juices including 
pepsin and hydrochloric acid dissolve the capsule-like cyst and release the larvae. The larvae then pass 
into the small intestine and mature to adults that mate to produce newborn larvae (immature LI). 
Newborn larvae are passed into the tissue and enter the lymphatic system and blood vessels for 
subsequent body-wide distribution. The larvae eventually extravasate into the muscle fibers, which 
initiate the muscle phase of infection. Once in the muscle fibers, the larvae encyst, undergo 
development, become infective within 15 days, and remain for months to years [2,3]. 

2. Nurse Cell Formation and Angiogenesis 

After T. spiralis enters the muscle cell, a morphologically changed portion of infected myocytes are 
directed to develop into nurse cells that presumably function to nourish the parasite as well as to 
protect it from the host immune response. The nurse cell-parasite complex is surrounded by a collagen 
capsule consisting predominantly of two collagen types, IV and VI, both of which are synthesized by 
the nurse cell. The parasite begins to secrete proteins within the matrix of the infected host muscle cell 
7 days after infection and the onset of host collagen type IV and type VI mRNA synthesis is also 
initiated between 7 and 8 days after infection. Collagen type IV synthesis then ceases on about 26 days 
after infection, while the expression of type VI collagen still remains throughout the infection at a 
low level [4,5]. 

In order to maintain a long-term host-parasite relationship, the parasite must remain metabolically 
active by maintaining nutrient acquisition and appropriate waste disposal. T. spiralis accomplishes 
these two tasks by attracting a highly permeable set of blood vessels to the surface of the outer 
collagen capsule. In this way, the larvae are assured a constant source of small molecular weight 
metabolites while also removing metabolic products from their environment. T. spiralis accomplishes 
this is by the initiation of angiogenesis. 

Baruch and Despommier [6] conducted transcardial perfusion along with the injection of a plastic 
that polymerized in situ in T. spiralis-infected mice to find that simple, complex, and hypercomplex 
vascular networks were found only around infected myocytes. They suggested that the vascular retes 
are the result of de novo angiogenesis induced during infection and that the parasite may elicit 
angiogenesis directly through secretion of unique products or may elicit a change in the nurse cells that 
in turn results in the growth of new blood vessels. Capo et al. [7] first showed that vascular endothelial 
growth factor (VEGF), a potent angiogenic stimulator, was induced by T. spiralis infection. They 
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found that both VEGF mRNA and VEGF peptide were detected in the developing nurse cell cytoplasm 
from day 7 up to 16 months after infection. In addition, VEGF was also detected in cells in the area 
immediately surrounding the nurse cells on days 15 and 17. They also proposed that hypoxia is 
induced by T. spiralis within the developing nurse cells some time prior to the up-regulation of VEGF, 
perhaps as early as day 7, and a constant state of hypoxia is maintained to explain the continued 
presence of VEGF in nurse cells [5,7]. However, no further studies were conducted to prove that the 
hypoxic condition actually occurs in the course of nurse cell formation. In addition, it is still unknown 
whether hypoxia stimulates the expression of VEGF mRNA and VEGF peptide in T. spiralis-'mfected 
nurse cells. Taken together, hypoxia seems to be the key clue to solving the action mechanism of 
angiogenic induction in T. spiralis-'mfected nurse cells. 

3. Hypoxia and VEGF Induction in T. spiralis -Infected Nurse Cells 

From the early stages of muscle infection, angiogenic induction in T. spiralis-'mfected nurse cells is 
mediated by elevated VEGF levels [7]. Therefore, identifying how VEGF is induced in T. spiralis-'mfected 
nurse cells can elucidate the action mechanism of angiogenic induction by parasite infection. 
Hypoxia is a major inducer of VEGF expression in almost all cell types examined. Transcriptional 
up-regulation of VEGF is mediated by the specific binding of hypoxia- inducible factor- 1 (HIF-1) to 
the VEGF promoter hypoxic response element (HRE). The HIF-1 transcription factor is a heterodimer 
composed of HIF-1 a and HIF-1 [3 [8]. Whereas HIF-1 [3 levels are constitutive, HIF-1 a is 
degraded under normoxic conditions. The regulation of HIF-1 a stability is a complex process. During 
oxygen-dependent activity, HIF-1 a activity and stability are controlled differently on the basis of 
normoxic and hypoxic conditions. 

Under normoxic conditions, HIF-1 a activity is prevented through HIF hydroxylation and the von 
Hippel-Lindau tumor suppressor protein (pVHL) binds to hydroxylated HIF- la. pVHL bound to 
HIF- la generates a complex by the binding of elongin-C, elongin-B, cullin-2, and ring-box 1 (RBX1) 
of E3 ubiquitin ligase, which targets HIF- la for ubiquitination and degradation by the 26S 
proteasome [9,10]. Under hypoxic conditions, HIF- la hydroxylation is prevented and unhydroxylated 
HIF- la cannot bind pVHL; therefore, pVHL accumulates in the cell. Accumulated HIF- la translocates 
to the nucleus and heterodimerizes with HIF- 1(3 to bind to HRE regions on nuclear DNA to promote 
the transcription of target genes involved in cell growth, angiogenesis, glucose metabolism, pH 
regulation, and cell survival/apoptosis [9,10]. During oxygen-independent activity, pVHL-independent 
HIF degradation occurs. HIF- la degradation is mainly regulated by heat shock protein 90 (HSP90), 
which protects proteins from misfolding and degradation through its ATPase activity. The receptor for 
activated C-kinase 1 (RACK1), a novel HIF- la- interacting protein, can promote proteasome-dependent 
degradation of HIF- la in an oxygen-independent manner and competes with HSP90 to bind to the 
PAS-A domain of HIF- la [9,10]. HSP90 binding stabilizes HIF- la by excluding RACK1, which binds 
elongin-C and recruits elongin-B and other components of E3 ubiquitin ligase to HIF- la [9,10]. 
Even though hypoxia is the major stimulator of VEGF expression and angiogenesis, hypoxia 
independent regulation of VEGF also exists via the modulation of HIF- la stability in an oxygen 
independent manner or HIF independent regulation of VEGF expression [10]. 
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4. Thymosin p4 and T. spiralis Infection 

We previously reported that thymosin [34, a major factor that induces VEGF, showed increased 
expression in muscle fibers 10 days after T. spiralis infection at both mRNA and protein level, and 
VEGF expression remained high in nurse cells for 6 weeks when the formation of the nurse cell 
complex was completed [11,12]. Thymosin [34 is an actin sequestering protein that has been reported 
to be a multi-functional protein with various biological roles, such as promoting angiogenesis [13-15], 
tumor metastasis [12,16-19], wound healing [20,21], hair growth [22,23], anti-apoptotic [24,25], and 
anti- inflammatory [26,27] effects. Our previous study showed that VEGF was up-regulated in 
thymosin [34 over-expressing B16-F10 lung tumor cells [13]. Conversely, down-regulation of VEGF 
was observed in situ in thymosin [34 knockdown hearts, suggesting that appropriate VEGF expression 
may require thymosin [34 [28]. Furthermore, we also found that thymosin [34 induces the expression of 
VEGF under normoxic conditions by increasing HIF-la protein stability [29]. Therefore, increased levels 
of thymosin [34 in T. spiralis-'mfected nurse cells may increase VEGF levels to stimulate angiogenesis. 

5. Hypoxia, HIF-la, and VEGF in T. spiralis -Infected Nurse Cells 

Our previous report also showed that hypoxic conditions are not present in T. spiralis-'mfected nurse 
cells. We used piminodazole hydrochloride, a chemical detector of hypoxic place, to find hypoxic 
condition in infected nurse cells. As the results of immunofluorescence with dual primary antibodies of 
anti-piminodazole hydrochloride and anti-HIF-la, hypoxic conditions were not detected in nurse cells 
but were detected in accumulated lymphocytes surrounding nurse cells, particularly in degenerating 
nurse cells [11]. HIF-la expression patterns were co-localized with hypoxic places suggesting hypoxia 
does not occur in T. spiralis-infected nurse cells but is present in the crowd of lymphocytes. The 
HIF-la protein levels were dramatically increased from 21 days after infection until 42 days after 
infection, also suggesting the hypoxia is not related VEGF induction in nurse cells [11]. VEGF protein 
was also detected in the crowd of lymphocytes and the elevation of VEGF in late infection stages may 
be caused by hypoxic induction in the crowd of lymphocytes. Other growth factors including fibroblast 
growth factor (FGF)-l, FGF-2, epidermal growth factor (EGF), and insulin-like growth factor (IGF-1), 
which stimulate angiogenesis, were also checked. Only FGF-1 was increased in early stage infection 
and other growth factors such as FGF-2 and IGF-1 were highly induced from 14 days after infection. 
The expression of EGF did not change in any stage of T. spiralis infection. These data suggest that 
FGF- 1 could be involved in angiogenic stimulation during nurse cell formation and FGF-2 and IGF- 1 
may be related with inflammation by lymphocyte accumulation [11]. 

6. Conclusions and Future Studies 

According to these data, we suggest that the induction of thymosin [34 in early stages of infection 
stimulates expression of VEGF to induce angiogenesis in early stage nurse cells. Induction of 
FGF-lalso stimulates angiogenesis and the induction of angiogenesis can supply oxygen to nurse cells 
through a mechanism other than the hypoxic state (Figure 1). At late stages of infection, inflammation 
around infected nurse cells occurs and lymphocytes accumulate around the damaged nurse cells. The 
hypoxic condition, due to the accumulation of lymphocytes, protects HIF-la from hydroxylation and 
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degradation resulting in the transcriptional activation of VEGF expression. Other factors 
including FGF-2 and IGF-1 may also be involved in inflammation or the hypoxic stimulation of gene 
expression (Figure 1). However, several unsolved questions still remain. First, there is no direct 
evidence demonstrating that thymosin [34 actually mediates the angiogenic stimulation in nurse cell 
formation. Direct induction of VEGF by thymosin |34 in nurse cell formation should be confirmed. 
In addition, the effect of thymosin [34 over-expression or knock down in animal model on VEGF 
expression and angiogenesis in nurse cell formation should be examined. These studies can probe the 
direct involvement of thymosin [34 in VEGF expression and angiogenesis during nurse cell formation. 
Furthermore, how T. spiralis infection can stimulate thymosin [34 in nurse cells should also be studied 
to elucidate the action mechanism of thymosin [34 induction by parasite infection and also provide 
advanced knowledge about T. spiralis infection. 

Figure 1. Proposed mechanism of thymosin [34-mediated vascular endothelial cell growth 
factor (VEGF) induction in T. sp/rafo-infected nurse cells. Induction of thymosin [34 in 
early infection stimulates expression of VEGF to induce angiogenesis in early stage nurse 
cells. Induction of fibroblast growth factor (FGF)-l also stimulates angiogenesis and the 
induction of angiogenesis can supply oxygen to nurse cells without having to go through a 
hypoxic state. At late stages of infection, inflammation around infected nurse cells occurs 
and lymphocytes accumulate around damaged nurse cells. The hypoxic conditions 
due to the accumulation of lymphocytes protect hypoxia- inducible factor (HIF)-la from 
hydroxylation and degradation resulting in the transcriptional activation of VEGF 
expression. Other factors including FGF-2 and insulin-like growth factor (IGF)-l may also 
be involved in inflammation or the hypoxic stimulation of gene expression. 




f Thymosin £4 f VEGF 
| FGF-1 

\ 

Angiogenesis 



/ 



Supply 0 2 

t Inflammation ^\ Lymphocyte 

? r> 



I 



| FGF-2 
f IGF-1 



Hypoxia 

t I 

| HIF-1a 

t I 

I VEGF 



Acknowledgments 



This work was supported by the R&D program of MOTIE/KIAT (10040391). 



Int. J. Mol. Sci. 2013, 14 



23497 



Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Stephenson, L.S.; Latham, M.C.; Ottesen, E.A. Malnutrition and parasitic helminth infections. 
Parasitology 2000, 121, S23-S38. 

2. Teppema, J.S.; Robinson, J.E.; Ruitenberg, E.J. Ultrastructural aspects of capsule formation in 
Trichinella spiralis infection in the rat. Parasitology 1973, 66, 291-296. 

3. Despommier, D.; Aron, L.; Turgeon, L. Trichinella spiralis: Growth of the intracellular (muscle) 
larva. Exp. Parasitol. 1975, 37, 108-116. 

4. Polvere, R.I.; Kabbash, C.A.; Capo, V.A.; Kadan, I.; Despommier, D.D. Trichinella spiralis: 
Synthesis of type IV and type VI collagen during nurse cell formation. Exp. Parasitol. 1997, 86, 
191-199. 

5. Despommier, D.D. How does Trichinella spiralis make itself at home? Parasitol. Today 1998, 14, 
318-323. 

6. Baruch, A.M.; Despommier, D.D. Blood vessels in Trichinella spiralis infections: A study using 
vascular casts. J. Parasitol. 1991, 77, 99-103. 

7. Capo, V.A.; Despommier, D.D.; Polvere, R.I. Trichinella spiralis: Vascular endothelial growth 
factor is up-regulated within the nurse cell during the early phase of its formation. J. Parasitol. 
1998, 84, 209-214. 

8. Sang, N.; Fang, J.; Srinivas, V.; Leshchinsky, I.; Caro, J. Carboxyl-terminal transactivation 
activity of hypoxia-inducible factor 1 a is governed by a von Hippel-Lindau protein-independent, 
hydroxylation-regulated association with p300/CBP. Mol. Cell. Biol. 2002, 22, 2984-2992. 

9. Baldewijns, M.M.; van Vlodrop, I.J.; Vermeulen, P.B.; Soetekouw, P.M.; van Engeland, M.; 
de Bruine, A.P. VHL and HIF signalling in renal cell carcinogenesis. J. Pathol. 2010, 221, 125-138. 

10. Ock, M.S.; Song, K.S.; Kleinman, H.; Cha, H.J. Thymosin [34 stabilizes hypoxia-inducible factor- la 
protein in an oxygen-independent manner. Ann. N. Y. Acad. Sci. 2012, 1269, 79-83. 

11. Kang, Y.J.; Jo, J.O.; Cho, M.K.; Yu, H.S.; Ock, M.S.; Cha, H.J. Trichinella spiralis infection 
induces angiogenic factor thymosin [34 expression. Vet. Parasitol. 2011, 181, 222-228. 

12. Kang, Y.J.; Jo, J.O.; Cho, M.K.; Yu, H.S.; Cha, H.J.; Ock, M.S. Trichinella spiralis infection 
induces beta-actin co-localized with thymosin [34. Vet. Parasitol. 2012, 187, 480-485. 

13. Cha, H.J.; Jeong, M.J.; Kleinman, H.K. Role of thymosin [34 in tumor metastasis and 
angiogenesis. J. Natl. Cancer Inst. 2003, 95, 1674-1680. 

14. Malinda, K.M.; Goldstein, A.L.; Kleinman, H.K. Thymosin [34 stimulates directional migration of 
human umbilical vein endothelial cells. FASEB J. 1997, 11, 474-481. 

15. Grant, D.S.; Rose, W.; Yaen, C; Goldstein, A.; Martinez, J.; Kleinman, H. Thymosin [34 enhances 
endothelial cell differentiation and angiogenesis. Angiogenesis 1999, 3, 125-135. 

16. Huang, H.C.; Hu, C.H.; Tang, M.C.; Wang, W.S.; Chen, P.M.; Su, Y. Thymosin [34 triggers an 
epithelial-mesenchymal transition in colorectal carcinoma by upregulating integrin-linked kinase. 
Oncogene 2007, 26, 2781-2790. 



Int. J. Mol. Sci. 2013, 14 



23498 



17. Kobayashi, T.; Okada, F.; Fujii, N.; Tomita, N.; Ito, S.; Tazawa, H.; Aoyama, T.; Choi, S.K.; 
Shibata, T.; Fujita, H.; et al. Thymosin-[34 regulates motility and metastasis of malignant mouse 
fibrosarcoma cells. Am. J. Pathol. 2002, 160, 869-882. 

18. Larsson, L.I.; Hoick, S. Occurrence of thymosin [34 in human breast cancer cells and in other cell 
types of the tumor microenvironment. Hum. Pathol. 2007, 38, 114-119. 

19. Wang, W.S.; Chen, P.M.; Hsiao, H.L.; Wang, H.S.; Liang, W.Y.; Su, Y. Overexpression of the 
thymosin [34 gene is associated with increased invasion of SW480 colon carcinoma cells and the 
distant metastasis of human colorectal carcinoma. Oncogene 2004, 23, 6666-6671. 

20. Malinda, K.M.; Sidhu, G.S.; Mani, H.; Banaudha, K.; Maheshwari, R.K.; Goldstein, A.L.; 
Kleinman, H.K. Thymosin [34 accelerates wound healing. J. Invest. Dermatol. 1999, 113, 364-368. 

21. Philp, D.; Goldstein, A.L.; Kleinman, H.K. Thymosin [34 promotes angiogenesis, wound healing, 
and hair follicle development. Mech. Ageing Dev. 2004, 125, 113-115. 

22. Philp, D.; Nguyen, M.; Scheremeta, B.; St-Surin, S.; Villa, A.M.; Orgel, A.; Kleinman, H.K.; 
Elkin, M. Thymosin [34 increases hair growth by activation of hair follicle stem cells. FASEB J. 
2004, 18, 385-387. 

23. Philp, D.; St-Surin, S.; Cha, H.J.; Moon, H.S.; Kleinman, H.K.; Elkin, M. Thymosin p4 induces 
hair growth via stem cell migration and differentiation. Ann. N. Y. Acad. Sci. 2007, 1112, 95-103. 

24. Moon, E.Y.; Song, J.H.; Yang, K.H. Actin- sequestering protein, thymosin-[3-4 (TB4), inhibits 
caspase-3 activation in paclitaxel-induced tumor cell death. Oncol. Res. 2007, 16, 507-516. 

25. Niu, M.; Nachmias, V.T. Increased resistance to apoptosis in cells overexpressing thymosin [3 
four: A role for focal adhesion kinase ppl25FAK. Cell Adhes. Commun. 2000, 7, 311-320. 

26. Sosne, G.; Qiu, P.; Christopherson, P.L.; Wheater, M.K. Thymosin [34 suppression of corneal 
NF-kB: A potential anti-inflammatory pathway. Exp. Eye Res. 2007, 84, 663-669. 

27. Young, J.D.; Lawrence, A.J.; MacLean, A.G; Leung, B.P.; Mclnnes, I.B.; Canas, B.; Pappin, D.J.; 
Stevenson, R.D. Thymosin [34 sulfoxide is an anti-inflammatory agent generated by monocytes in 
the presence of glucocorticoids. Nat. Med. 1999, 5, 1424-1427. 

28. Smart, N.; Rossdeutsch, A.; Riley, P.R. Thymosin [34 and angiogenesis: Modes of action and 
therapeutic potential. Angiogenesis 2007, 10, 229-241. 

29. Jo, J.O.; Kim, S.R.; Bae, M.K.; Kang, Y.J.; Ock, M.S.; Kleinman, H.K.; Cha, H.J. Thymosin [34 
induces the expression of vascular endothelial growth factor (VEGF) in a hypoxia-inducible factor 
(HIF)- la-dependent manner. Biochim. Biophys. Acta. 2010, 1803, 1244-1251. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



